It is widely accepted that penicillinase accounts for the resistance to penicillin of those strains of Staphylococcus aureus which produce this enzyme (Bondi and Dietz, 1945; Gots, 1945; . The presence of penicillinase in lesions produced by penicillin-resistant staphylococci has been reported by Dineen (1961) . Evidence is lacking, however, that the amount of enzyme produced in vivo is quantitatively adequate to account for the high degrees of penicillin resistance observed in infections caused by penicillinase-producing staphylococci. The present report is concerned with quantitative observations on the presence of penicillinase in tissues of mice after infection with various strains of staphylococci.
MATERIALS AND METHODS
Measurement of penicillinase. The method of penicillinase determination was derived from methods described by Penau, Phillippe, and Benoist (1951) , Tucker (1954) , and Perret (1954) , all of which involve titration of the penicilloic acid produced under standard conditions rather than the consumption of penicillin itself.
Incubation of the enzyme preparation with penicillin was performed in 0.2 M potassium phosphate buffer, adjusted to pH 6.5, and to which 0.5%0 gelatin (w/v) had been added prior to pH adjustment and steam sterilization. The concentrated acetate buffer used during the iodometric titration was 5.0 M sodium acetate buffer adjusted to pH 4.5 and not sterilized.
The iodine and thiosulfate solutions were pre-I Present address: Cliniques Universitaires, Louvain, Belgium. pared fresh by dilution of commercially available titrated solutions. In dissolving the 8-hydroxyquinoline in buffer, this compound was first dissolved in the smallest quantity of ethyl alcohol possible, before being added to the aqueous reagent. The resulting ethyl alcohol concentration was less than 0.5% (v/v).
The material to be assayed usually consisted of a homogenate of tissue that had been ground in buffer. It was also possible to use preparations derived from cultured staphylococci, provided the quantity of broth introduced in the test was not larger than 2 or 3 ml.
For the following steps, two different procedures were possible, the indications for which will be discussed later.
(i) Sterilization with neomycin. The tissues were ground in the smallest volume of' buffer permitting adequate homogenization. After a sample had been taken for the count of viable microorganisms present, an equal amount of 0.2% neomycin in buffer was added to the homogenate. The mixture was allowed to incubate overnight at 37 C.
(ii) Inhibition of penicillinase formation by 8-hydroxyquinoline. Buffer containing 8-hydroxyquinoline in a concentration of 8.3 X 10-4 M was used throughout. The tissues were ground in this buffer solution. A sample of this was used for the viable microorganism count. These suspensions were kept frozen until the penicillinase assay was performed.
A test consisted of a total volume of 10.0 ml, which was composed of 1.0 ml of a penicillin solution containing 50,000 units in buffer, 9.0 ml or less of the organ homogenate, and buffer to complete the volume. A "blank" was set up at the same time, in exactly the same way, but without penicillin. The blank was run through the next steps in exactly the same way as the test material. 589
Step 1. From this test, three samples of 2.0 ml were taken, which were used for iodometric titration before and after the action of the unknown amount of penicillinase, and after alkaline destruction of all the penicillin present.
Step 2. The first sample was subjected to immediate iodometric titration (Step 5).
Step S. The second sample was incubated at 37 C for 8 hr with continuous shaking. An iodometric titration was performed immediately after this incubation (Step 5).
Step 4. The third sample was initially treated as described in Step 5.
Step For a third sample (termed "Alkaline Destruction"), a slightly different procedure was used.
After filtration (Step 5a), the 2.0 ml of filtrate Step 5b, and iodometric titration was performed as mentioned above.
Apart from the blank controls, a simultaneous sample was run containing only penicillin and buffer and neomycin solution, if this agent was used for sterilization.
Calculation of the results. The values for adsorption of the different samples, expressed in milliliters of the 0.01 N solution, were called, respectively: To, before incubation; BLo, the blank corresponding to the sample before incubation; T8, after 8 hr of incubation; BL8, the blank after 8 hr of incubation; AD, the sample submitted to alkaline destruction; ADBL, the blank corresponding to this sample; To, -BLo = a; T8,
For the "penicillin control" test, the value of (b -a) was termed C and represented the factor for spontaneous decay of penicillin during the incubation.
For each sample, the value found for (b -ac) was termed "corrected iodine uptake."
(AD -ADBL) -a -c represents the iodine uptake which would be obtained if the 50,000 units of penicillin present were destroyed, and was called "corrected iodine uptake" after alkaline destruction (AD).
The result of the test is given by the equation: number of units of penicillin destroyed in 8 hr = (50,000 X corrected iodine uptake)/corrected iodine uptake after AD. This value could then be used to calculate how much penicillin could be destroyed per orgail, per gram of tissue or per 106 viable microorganisms present.
In part, results were checked with the manometric method described by Henry and House- On the 5th day after infection, the animals were killed by ether inhalation and immediately immersed in ethyl alcohol at a temperature of approximately -15 C. This step was introduced to cool the tissues rapidly while disinfecting the skin. After about 15 min, the mice were skinned with sterile instruments; the skin, muzzle, tail, and extremities were weighed and discarded.
The remainder was dissected aseptically. The entire digestive tract between ligatures placed on the cardia and the rectum was discarded after removal. The separated five livers, pairs of kidneys, pairs of lungs, and spleens were weighed together and ground in buffer with a Potter grinder. The muscles and the skeleton (carcass) were cut with heavy scissors and homogenized in buffer with a Waring Blendor. This homogenate of carcasses contained filamentous material that rendered further pipetting impossible. Samples were either weighed or aspirated with a pipette after filtration through sterile gauze. When buffer containing 8-hydroxyquinoline was used, the volume of each organ fraction was adjusted to a final volume of 20.0 ml. For the carcass fraction, this volume was 300 ml. From this, 9.0 ml were used for each test and the same volume for each blank. In vitro sensitivity to penicillin G and methicillin was determined by the twofold tube dilution technique (Table 1) . Since the size of the inoculum has been found to be of importance in the study of penicillin sensitivity of staphylococci (Geronimus, 1960; Spink, 1951; Waisbren, Carr, and Dunnette, 1951) , two inocula of different size were used. One consisted of approximately 2.5 X 106 viable microorganisms and was called "large inoculum"; the other, called "small inoculum," consisted of approximately 2.5 X 104 viable microorganisms. The final volume in all tubes was 1.0 ml. In the case of methicillin, only a "small inoculum" was used. Results of penicillin treatment of infected mice are also included in Table 1 . Groups of 10 mice were infected by intravenous injection of the staphylococcus under study. Penicillin treatment consisted of 3,000 units of procaine penicillin G given subcutaneously every day for 5 days. This treatment was usually started 8 hr after infection. Protection was arbitrarily defined as when 0 to 1 of the 10 infected mice died during a period sufficiently long to permit death of at least 8 of the 10 infected but untreated controls. For strains Sutherfield and Quaite, such protection was observed under the conditions described, but was absent if therapy was delayed for 24 or 48 hr after infection.
RESULTS
The assay technique described was found to be satisfactory, within the limits to be mentioned, for estimation of penicillinase in cultures of S. aureus with and without added tissue. Results of a typical experiment to assess the reproducibility of results are presented in Table 2 .
A single culture of a penicillinase-producing S. aureus in which no induction of the enzyme had been carried out was divided into six samples, three suspended in buffer and three added to a tissue homogenate of mouse kidney. All were frozen, and on 3 successive days measurements were made on a sample of the culture with and without tissue. As may be seen in Table 2 , the results were reasonably consistent and were not significantly altered by the presence of tissue. The reproducibility of results was also studied with frozen cultures, a sample of which was thawed and assayed daily for 6 consecutive days. It was found that the results obtained with potent preparations (corrected iodine uptake >3.0 ml) were reproducible within a 6% range of error.
Much greater relative variation was noted in preparations of lower activity, the maximum observed being 66%. Although the use of neomycin for sterilization was satisfactory, 8-hydroxyquinoline would appear preferable in animal studies when it is important to eliminate the postmortem production of penicillinase. Moreover, since this product as employed here does not affect the viability of staphylococci for several hours, it is convenient to use when bacterial counts are being made at the same time.
The results of assays of normal and infected tissues are presented in Table 3 . Values are expressed as the quantity of penicillin which could be destroyed, with formation of penicilloic acid, by the penicillinase present after incubation with penicillin for 8 hr. It should be noted that this does not conform to the usual "unit" system for expression of penicillinase. Although all measurements were done on five mice, assayed together the figures presented herein are the average per mouse.
For the purpose of clarity, the nine strains were divided into three groups according to their sensitivity to penicillin in vitro, with a large inoculum, and to the result of penicillin treatment on the infection which they caused in mice (see Table 1 ). These three groups are: (i) penicillin-resistant strains-"Giorgio," "Swanson," "Donato," and "Vernon"; (ii) borderline resistant strains-"Sutherfield" and "Quaite"; and (iii) penicillinsensitive strains-"Wolbeck," "Agnich," and "Turner."
No significant penicillin destruction was observed when it was not possible to achieve a concentration of microorganisms in the penicillinase test of at least 108 viable cells per milliliter. Consequently, only tests in which a higher concentration of viable microorganisms could be achieved have been reported herein.
As may be seen in Table 3 , no penicillinase was detected in organs infected with penicillin-sensitive strains; in the case of "borderline-resistant" strains, infected kidneys contained no measurable penicillinase in one instance, and, in two others, significant amounts were present. In contrast, in animals infected with highly resistant strains, large amounts of the enzyme were present in the kidneys, the site of the principal lesions, and, at times, small amounts were found in the liver. Table 4 summarizes these findings as related to the entire mouse.
Penicillinase was also detected in organ fractions infected with S. aureus strain Giorgio, by use of the manometric technique described by Henry and Housewright (1947) .
DISCUSSION
The present data indicate that in mice wvith a well-established staphylococcal infection, penicillinase can be found in amounts adequate to deal with any reasonable dose of penicillin. The technique employed is designed to prevent any increase in penicillinase content of the staphylococci due to contact with penicillin such as was ob, served in vitro by Spink, Hall-and Ferris (1945) , by Geronimus and Cohen (1957a) , and by Steinman (1961) , and in penicillin-treated mice by Geronimus and Cohen (1957b) . At no time did the animals in this study receive any quantity of penicillin or other drug if tissues were to be assayed for penicillinase. The quantities of penicillinase demonstrated seemed in keeping with the degree of in vitro and in vivo resistance to penicillin observed in the corresponding strains. The data thus indicate that whether or not this is the sole mechanism of resistance, the amount of enzyme present is quantitatively adequate to destroy large amounts of penicillin.
No quantitative conclusions were drawn from the manometric penicillinase determinations, because the presence of tissue in the system introduced an unknown amount of buffer. They provided confirmation, however, that the phenomenon under study really was due to penicillinase action, since the manometric technique measured acid production resulting from penicillin destruction in contrast with measurement of iodine binding in the other method.
